We report a method for rapid, electric field directed assembly of high-density protein-conjugated microbead arrays. Photolithography is used to fabricate an array of micron to sub-micron-scale wells in an epoxy-based photoresist on a silicon wafer coated with a thin gold film, which serves as the primary electrode. A thin gasket is used to form a microfluidic chamber between the wafer and a glass coverslip coated with indium-tin oxide, which serves as the counter electrode. Streptavidin-conjugated microbeads suspended in a low conductance buffer are introduced into the chamber and directed into the wells via electrophoresis by applying a series of low voltage electrical pulses across the electrodes. Hundreds of millions of microbeads can be permanently assembled on these arrays in as little as 30 seconds and the process can be monitored in real time using epifluorescence microscopy. The binding of the microbeads to the gold film is robust and occurs through electrochemically induced goldprotein interactions, which allows excess beads to be washed away or recycled. The well and bead sizes are chosen such that only one bead can be captured in each well. Filling efficiencies greater than 99.9% have been demonstrated across wafer-scale arrays with densities as high as 69 million beads per cm 2 . Potential applications for this technology include the assembly of DNA arrays for high-throughput genome sequencing and antibody arrays for proteomic studies. Following array assembly, this device may also be used to enhance the concentration-dependent processes of various assays through the accelerated transport of molecules using electric fields.
Introduction
Microbead-based platforms have become a popular technology for many high-throughput biological assays such as genotyping, 1 DNA sequencing, 2 and protein detection 3 due to the ease in which they enable multiplexing and miniaturization. Microbeads have been captured or assembled onto various surfaces via evaporation, 4-6 gravity, 7 centrifugation, 8 and magnetic 9,10 and electric fields. [11] [12] [13] [14] [15] [16] [17] [18] While all these methods have been successfully utilized, each has some limitations. For instance, controlled evaporation, or dewetting, can take hours to assemble large arrays on microfabricated templates. 5 In addition, achieving sufficient filling efficiencies with sub-micron particles may require multiple aliquots and highly concentrated microbead suspensions.
19 Gravity-dependent assembly methods can also be relatively slow and often result in lower packing efficiencies. Centrifugation-based approaches face similar issues and cannot be easily automated. 8 We recently reported a method for the rapid assembly of superparamagnetic microbeads into arrays with near perfect order using a magnetic field. 10 However, it may be difficult to scale due to the limited availability of uniform and monodisperse sub-micron magnetic beads.
Methods employing electric field directed assembly on microfabricated templates offer certain advantages in that they can be fast, automatable, scalable, and used to assemble nonmagnetic particles. These types of platforms also have the potential to accelerate via an electric field various diffusionlimited processes such as DNA hybridization 20 and antibodyantigen binding. 21 Many of the reported electric-field-based methods are often used to direct the assembly of microbeads or nanoparticles into colloidal crystals or clusters with little control over their number, order or position. A few others have demonstrated more control over microbead position and order. [14] [15] [16] However, their methods might be difficult to scale or they may not be compatible with microfluidics, biological assays and real-time epifluorescence microscopy.
We have developed a device and process that utilizes an electric field to direct the assembly of high-density arrays of proteinconjugated microbeads in a rapid, automatable and scalable fashion. Our method, unlike those previously reported, can be used to assemble wafer-scale arrays of individual microbeads with near perfect order. The microfabrication process and the fluidic device are illustrated in Fig. 1 . A high-density array of wells in an epoxy-based photoresist is fabricated on a silicon wafer coated with a gold film that serves as the primary electrode (Fig. 1A) . The counter electrode consists of a glass coverslip coated with indium-tin oxide (ITO), which serves as the counter electrode. A flow cell is formed by sandwiching a thin adhesive silicone gasket that contains a cutout of a flow channel between the wafer and the coverslip (Fig. 1B) . As illustrated in Fig. 2 , a series of low voltage electrical pulses is applied to the electrodes. The negatively charged, streptavidin-coated microbeads are directed into the wells by electrophoresis. The microbeads are permanently captured within the wells through electrochemically-induced binding between the gold and streptavidin. Using this approach, we have demonstrated that hundreds of millions of 0.5 mm and 1 mm microbeads can be captured in a rapid, efficient and ordered manner. The diameter of the wells in the photolithographically-defined templates can be easily adjusted to the desired bead size, ensuring that each well can accommodate only one microbead. This spatial control supports higher imaging efficiencies for demanding applications such as genome sequencing by reducing the total number of pixels required to image each microbead. 10, 22 Our assembly method is also simple and practical in that it utilizes low frequency, direct current (DC) pulses applied across a flow cell that is suitable for biological assays using epifluorescence microscopy.
Materials and methods

Device fabrication
The general procedure for fabricating an array of wells on a silicon wafer coated with a thin oxide layer and metal films is illustrated in Fig. 1A Titanium and gold films were deposited on the oxide-coated wafers using a Discovery 18 sputter system (Denton Vacuum) or VES2550 electron-beam evaporation system (Temescal). The deposition chambers were typically evacuated to a base pressure of 9 Â 10 À7 Torr or less. Sputtered-coated titanium and gold films were deposited at 200 W DC in Ar at 3.0 Â 10 À3 Torr and 36 sccm. Evaporated Ti and Au films were deposited at 0.1-0.2 nm s
À1
. The titanium layer, which serves as an adhesion layer between the oxide and the gold films, was approximately 30 nm thick. Gold film thicknesses ranged from 300-400 nm.
Following metallization, SU-8 2000.5, an epoxy-based, negative-tone photoresist (Microchem Corp.), was applied directly to the gold film by spin-coating at 2000 rpm for 30 s. After baking on a hotplate at 95 C for 1 min, the wafer was patterned via i-line photolithography using a chrome on quartz photomask on a GCA Autostep 200 stepper system equipped with an Olympus 2145/0.45 NA reduction lens. With an intensity of $475 mW cm À2 , typical exposure times ranged from 0.29 s for $0.6 mm features to 0.415 s for $1.2 mm features. The exposed wafers were baked at 95 C for 1 min, developed for 2 min in SU-8 developer (Microchem Corp.), then rinsed with isopropyl alcohol and dried with nitrogen.
ITO deposition on glass coverslips
Using a custom-built PTFE rack, 50 Â 75 Â 0.170 mm 3 glass coverslips (Erie Scientific) were washed in batch mode in a 2% solution of Micro-90 detergent (Cole-Parmer) and rinsed C for 30 min. The ITO films were deposited on the coverslips using an ATC Orion 8 sputter system (AJA International). The deposition chamber was evacuated to a base pressure of 5 Â 10 À7 Torr or less and the substrates were heated to 325 C. Sputtering was performed at 325 W RF and 2 Â 10 À3 Torr for 10 min with argon and oxygen flow rates of 20 and 0.1 sccm, respectively. The ITO films were characterized using a FPP-100 four-point probe system (Veeco) and a Lambda 20 UV-Vis spectrometer (Perkin Elmer). Typical values for the sheet resistance were 12-15 U. Typical values for the optical transmittance were 90-95% over a range of 450-800 nm. Prior to device assembly, the coverslips were diced into 8-10 mm Â 50 mm strips using a diamond scribing tool.
Device assembly
After completion of the fabrication process, the wafers were covered with a protective layer of Shipley Megaposit SPR220-7.0 photoresist (Rohm and Haas) by spin-coating at 2000 rpm for 30 s and then baked on a hotplate at 115 C for 5 min. Holes were drilled through the wafer in an automated fashion using a 1.0 mm diamond-coated drill bit (C. R. Laurence Co.) and a highspeed rotary tool mounted to a computer numerical control milling machine (PCNC 1100, Tormach). The wafers were then diced by hand into 12 mm-wide pieces using a scribing tool and the resist was stripped by soaking in acetone for 2 min. Each die was then rinsed with isopropyl alcohol and dried with nitrogen. Prior to use, the dice were further cleaned in a Technics PEII-B plasma system at 100 W and 3.00 Â 10 À1 Torr O 2 for 3 min and then rinsed with dH 2 O. The final thickness of the SU-8 layer is estimated to be about 200 nm. After drying with nitrogen, the dice were fixed via double-coated acrylic tape (DC-UHB10FA-C, J. V. Converting Company, Inc.) to a custom-built aluminium plate, which contains ports for fluidic connections and fits securely within the aperture of our microscope stage (Fig. 1B) .
The channels that form the flow cells within the device were designed in a computer-aided design program and cut out of a $110 mm-thick, double-coated silicone tape (No. 702, Scapa Group) using a cutting plotter (CC200-20, Graphtec Corp.). Typical channel dimensions ranged from 2-6 mm in width by 26-32 mm in length. The tape containing the channel cutout was then aligned and fixed to the wafer. Narrow strips of copper tape $30 mm thick (Cat. No. 77802, Electron Microscopy Sciences) were attached to both ends of the counter electrode and then wrapped around the ends and onto the backside of the coverslip. The coverslip was then attached to the wafer with the silicone tape to create the fluidic chamber. Electrical connections to both the gold film and the copper tape on the coverslip were made by attaching additional pieces of copper tape, each soldered to an insulated copper wire. An exploded view of the complete device is shown in Fig. 1B .
Electric field directed assembly of microbead arrays
Streptavidin-coated, fluorescent polystyrene microbeads with diameters of 0.5 mm and 1 mm (CPO1F/7066 and CP01F/7677, Bangs Laboratories, Inc.) were diluted to 0.1%-0.2% solids in a low conductance buffer (4.5 mM tris(hydroxymethyl) aminomethane, 4.5 mM boric acid, and 0.02% Triton X-100, pH 8.6, with a conductance of 61 mS cm À1 ) (LCB). The microbead suspensions were washed 3 times with LCB. Prior to each buffer exchange, the suspensions were centrifuged for 6 min at 3000 g and then re-suspended by vortexing for $30 sec. Suspensions were sonicated by placing them in an ultrasonic water bath for 5-10 min immediately prior to use.
The chambers were connected to a syringe pump (Cavro XR Rocket, Tecan Group, Ltd.) using 1/16 00 OD Â 0.03 00 ID Teflon tubing, ¼-28 Upchurch (Idex Corp.) and 062 MINSTAC fittings (The Lee Co.) and washed with LCB. The microbead suspensions were introduced and the total circuit resistance was measured with a digital multimeter (2010, Keithley Instruments, Inc.). Typical values ranged from $100-200 kU. A function generator (33220A, Agilent Technologies, Inc.) was used to apply a series of 1 Hz, 3.0 V DC pulses with a 10% duty cycle for 30-60 s either continuously or in 10-15 s intervals with 2 min periods between each interval. The electrical waveforms were monitored using an oscilloscope (TDS 224B, Tektronix, Inc.). Following the assembly process, excess microbeads were washed away with LCB at a flow rate of 16-40 mL s
À1
. An illustration of the assembly process is shown in Fig. 2 .
Fluorescence imaging
Real-time imaging of the assembly process was performed on an epifluorescence microscope (DM LFSA, Leica Microsystems, Inc.) with a 40Â/0.55 NA objective, and a CCD camera (ORCA-
23
SEM imaging
To disassemble the chamber and release the substrate for SEM imaging, the entire device was submersed in liquid nitrogen. The low temperature simplified the release of the wafer from the aluminium plate and the coverslip from the wafer. The diced samples were then coated for 30 s with chromium or iridium at 130 mA in Ar using a K575X sputter tool (Emitech). The images were obtained with a Phillips XL30 environmental SEM operating at 10 kV in high-vacuum mode. The aluminium plate is prepared for further use by soaking it in acetone, which aids in the removal of the acrylic tape.
Results and discussion
Rapid assembly of microbead arrays
We have demonstrated the ability to rapidly assemble highdensity arrays of protein-conjugated microbeads on photolithographically-defined templates using an electric field. Standard thin film deposition and photolithography techniques are used in the fabrication process. The microbead assembly process utilizes a function generator to deliver 3.0 V DC pulses at a frequency of 1 Hz and a duty cycle of 10%. Fig. 3A and 3B shows the fluorescence and SEM images of a typical array of 1 mm beads assembled into $1 mm wells at a pitch of 2.4 mm. As can be seen, arrays with near perfect order can be assembled with filling efficiencies as high as 99.9%. Using this approach, we have also demonstrated the ability to assemble 1 mm (Fig. 3C ) and 0.5 mm 
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Lab Chip, 2009, 9, 3268-3274 | 3271 beads (Fig. 3D ) on arrays with densities approaching 69 million microbeads per cm 2 . A movie of a typical assembly process is available as ESI. † Defect rates in the assembled arrays are typically less than a few percent. Common defects include unfilled wells and microbead doublets (Fig. 4A ). For example, in Fig. 3A only 5 wells remain unfilled, which corresponds to a filling efficiency of 99.9%. The variation in fluorescence intensity observed in Fig. 3A is due to the presence of doublets as well as considerable differences in microbead size as seen in Fig. 4 . There are approximately 0.2% wells containing smaller, less visible microbeads and 1.5% wells containing brighter doublets or abnormally large microbeads. We found that some doublets and larger aggregates were often present in the stock and LCB microbead suspensions. Therefore, the doublets observed in the arrays may not be caused by the assembly process.
Materials considerations
Gold was chosen for the electrode upon which the microbeads were assembled primarily due to its affinity towards proteins. As described elsewhere, proteins can be adsorbed directly onto gold surfaces, with 24 or without 25 the use of an electric field. By exploiting this phenomenon, we are able to capture permanently streptavidin-coated microbeads onto the gold electrodes without any surface modifications. The binding of the microbeads is sufficient to withstand both stringent washes and the application of a reverse bias of 1.5 V DC. It is even more astounding that the assembled arrays are able to survive the liquid nitrogen treatment and the SEM imaging process. The use of platinum and ITO for the primary electrode was also investigated. However, we found that the microbeads were less likely to bind to these materials under our assembly conditions. The choice of materials used for the counter electrodes is subject to other design constraints, with an emphasis on imaging. ITO-coated coverslips were used as counter electrodes to provide a suitable window through which optical imaging of the arrays can be performed. However, ITO films are not very robust and can be damaged easily. Therefore, it is imperative that the assembly conditions are compatible with this material. By using a low conductance buffer and minimizing the strength and duration of the electrical pulses, no obvious damage was found to occur to the ITO films.
The material used to fabricate the arrays of wells needs to meet several criteria. It must be a robust dielectric with good adhesion to gold, compatible with sub-micron photolithography and able to withstand the potentially damaging by-products of electrolysis. Positive resists such as Shipley S1805 were initially used to simplify the fabrication process. Although suitable as dielectrics, these materials were prone to delamination after prolonged exposure to the assembly conditions. In contrast, the epoxybased negative photoresist, SU-8 2000.5, was able to withstand electrophoretic conditions well beyond those required for assembly. SU-8 2000.5 is also suitable for sub-micron photolithography, albeit with some minor defects that can be attributed to the resolution limit of the stepper system. Despite the apparent advantages of SU-8, compatibility issues may arise if this device is to be used as a platform for biological assays. In such cases, silicon dioxide or silicon nitride films may be employed. However, the use of such materials will require a more involved fabrication process.
Flow cells were created using a thin, double-coated silicone tape. Using a cutting plotter, this material can be quickly cut into various shapes and sizes. This allows channels to be created much more easily than through conventional microfabrication processes. The tape backing is made of polyester and the adhesive is silicone-based. This makes it suitable as an electrical insulator and stable in aqueous environments. Since the tape is only 110 mm thick, high field strengths can be achieved within the device at relatively low voltages. The shallow chamber height also enables the use of microscope objectives with high numerical apertures, which tend to have relatively short working distances.
The buffer system, tris(hydroxymethyl) aminomethane and boric acid (Tris-borate), was chosen for its low conductivity and its pH value. At a concentration of 4.5 mM, this solution has a conductivity of only 61 uS cm À1 and a pH value of 8.6, yet still provides adequate buffering capacity under the electrophoretic assembly conditions. With an isoelectric point of $5, streptavidin is negatively charged and thus the streptavidin-conjugated microbeads are also negatively charged in this buffer. 26 In contrast, phosphate and bicarbonate buffering systems with similar concentrations and pH values have much higher conductivity values. With the low conductivity of the Tris-borate buffer, the microbeads can be pulled rapidly toward the electrode while the current is kept at a minimum. However, we found that the binding of the microbeads was less efficient after they were stored in such a buffer for more than one week.
The types of the microbeads that can be assembled and captured onto the gold surface depend on their surface properties, especially the charges and the nature of the chemical functionality. The streptavidin-coated microbeads were used for two reasons. First, the streptavidin molecules can serve as the functional groups for further attachment of biotinylated molecules or other moieties through the strong biotin-streptavidin affinity binding. Second, we found that under the conditions used, streptavidin-coated microbeads could be assembled and captured with ease. The electrochemically-induced binding of microbeads to the gold surface is probably due to the dative bonding between the chemical groups on the protein and gold, and other interactions such as electrostatic and van der Waals interactions. 24, 25, 27 The binding of the microbeads to the gold surface is robust in that the assembled arrays can withstand the prolonged application of a bias of À1.5 V DC and harsh conditions such as exposure to liquid nitrogen, sputter coating and SEM imaging. We have also experimented with 0.5 mm and 1 mm carboxylate-modified polystyrene microbeads. Even though these microbeads could be pulled into the wells using an electric field, permanent binding was rarely observed. This suggests that electrochemically induced binding of the carboxylate groups on the microbeads to the gold surface is less efficient under our conditions.
Assembly conditions
Various electric field conditions were examined to optimize the microbead transport and assembly process. With our electrode configuration, AC dielectrophoresis was found to be an inadequate means for assembly, even at 20 Vpp over a wide range of frequencies. However, a DC potential difference of only $2.0 V was required to observe appreciable electrophoretic migration of the negatively charged, streptavidin-coated microbeads towards the positive electrode. Potentials up to $2.8 V DC, even when applied for extended periods of time (>30 s), did not result in a significant degree of microbead binding. However, potentials at or above $3.0 V DC with durations as short as 50 ms enabled rapid and permanent microbead binding. In our device, a 3.0 V potential corresponds to an electric field strength of $270 V cm
À1
, although stronger fields are likely to exist around the edges of the wells. 28 Potential differences greater than $3.5 V DC, when applied continuously for more than 30 seconds, resulted in damage to the ITO and substantial gas evolution due to the electrolysis of water.
To minimize the possibility of bubble formation and damage to the electrodes, photoresist or microbeads, we used low frequency (1 Hz), 3.0 V DC pulses with a short, 10% duty cycle. These conditions were sufficient for rapid, directed assembly with a minimal amount of time in which the substrate and microbeads were subjected to the field. The low-frequency pulsing of the field also helped reduce the lateral microbead aggregation seen at higher frequencies or with continuously applied potentials. Frequencies lower than 1 Hz resulted in less efficient assembly as the microbeads have more time to diffuse away from the surface between pulses. Aggregation of the microbeads, which appeared to hinder their ability to be captured efficiently, was further reduced by applying the electric field in two to three 15-second intervals with a two-minute pause in between each interval. Although the electric field is generally applied for a total of 30-45 pulses, the majority of the wells will have captured a microbead within the first 20-30 pulses. The additional time is usually spent filling the remaining 10-15% of the wells. The drop in the assembly rate can be attributed to both the depletion of microbeads from the suspension and the formation of aggregates near the surface of the array. 12, 13, 29, 30 Some microbeads are dislodged during the washing step. This is likely due to irregularities in the microbead population or inadequate contact and binding with the gold surface.
The microbead concentration is chosen such that the suspension contains approximately 2-4 times as many microbeads as the number of wells in the chamber. Higher concentrations tend to lead to field-induced aggregation. For the smaller 0.5 mm beads, we could not achieve 100% filling with a single batch of the microbead suspension. Even though there were plenty of microbeads left in the suspension, the assembly process did not proceed any further after about 15 pulses. This was probably due to buffer depletion because the assembly process could be resumed to complete the filling of the wells by using an additional batch of microbeads.
Following the assembly process, the integrity of the streptavidin on the microbeads was verified by introducing into the chamber a solution containing biotinylated, fluorophore-labeled oligonucleotides. After a 60 min incubation, the chamber was washed and the microbeads were imaged. A comparison of the images before and after the incubation period revealed a substantial gain in the fluorescence signal on the microbeads, indicating that an ample amount of streptavidin was still intact and functional.
Assembly can still be performed using wells that are smaller than the microbeads as long as the wells are not too deep and the pitch is large enough to prevent contact between the microbeads. As is observed in Fig. 3C , the microbeads are better aligned under such a condition. If the wells are hexagonally packed and the microbeads are appropriately sized, it is very likely that the microbeads can be assembled into an array with the highest achievable packing density. However, if the microbeads are much smaller than the wells, the microbead alignment may be compromised to some degree (Fig. 4C) .
As compared to magnetic assembly methods, 9,10 the choices of the microbeads or particles available for electric field directed assembly are much greater since microbeads with magnetic properties are not required. In principle, any protein-conjugated microbeads can be used. The size of the wells that can be fabricated is only limited by the resolution of the photolithography system and perhaps by the types of photoresist used. Therefore, our method offers great flexibility and scalability for the rapid assembly of microbead arrays with various patterns, densities and pitches.
Conclusions
In summary, we have demonstrated the ability to use electric fields to direct the rapid assembly of arrays of 0.5 and 1 mm protein-conjugated microbeads on photolithographically defined templates. Standard microfabrication procedures are used to generate wafer-scale arrays of wells on gold in a robust, epoxybased photoresist. Hundreds of millions of microbeads can be assembled within these wells in 30-45 seconds by applying lowvoltage, low-frequency DC electrical pulses. Each well contains only one microbead and filling rates as high as 99.9% are easily achieved with minimal defects. Array assembly takes place within a microfluidic device that is compatible with real-time epifluorescence imaging. The methods presented here may be applied to colloidal lithography, 31,32 micro-and nano-fabrication, and the assembly of arrays of microbeads conjugated to biomolecules such as antibodies and DNA for use in high-throughput assays. In addition, the use of such a platform may provide a means of accelerating diffusion-limited assays by actively concentrating molecules of interest via an electric field.
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